Abstract: Inhibition of acetylcholinesterase (AChE) is a common treatment for early stages of the most general form of dementia, Alzheimer's Disease (AD). In this study, methanol, dichloromethane and aqueous crude extracts from 80 Traditional Chinese Medical (TCM) plants were tested for their in vitro anti-acetylcholinesterase activity based on Ellman's colorimetric assay. All three extracts of Berberis bealei (formerly Mahonia bealei), Coptis chinensis and Phellodendron chinense, which contain numerous isoquinoline alkaloids, substantially inhibited AChE. The methanol and aqueous extracts of Coptis chinensis showed IC 50 values of 0.031 µg/mL and 2.5 µg/mL, therefore having an up to 100-fold stronger AChE inhibitory activity than the already known AChE inhibitor galantamine (IC 50 = 4.33 µg/mL). Combinations of individual alkaloids berberine, coptisine and palmatine resulted in a synergistic enhancement of ACh inhibition. Therefore, the mode of AChE inhibition of crude extracts of Coptis chinensis, Berberis bealei and Phellodendron chinense is probably due to of this synergism of isoquinoline alkaloids. All extracts were also tested for their cytotoxicity in COS7 cells and none of the most active extracts was cytotoxic at the concentrations which inhibit AChE. Based on these results it can be stated that some TCM plants inhibit AChE via synergistic interaction of their secondary metabolites. The possibility to isolate pure lead compounds from the crude extracts or to administer these as nutraceuticals or as cheap alternative to drugs in third world countries make TCM plants a versatile source of natural inhibitors of AChE.
Introduction
With more than 46 million people suffering from Alzheimer's disease (AD) worldwide [1] , this neuro-degenerative disorder is the most common form of dementia in elderly people [2] . The progressive degenerative brain syndromes connected to dementia affect memory, thinking, behaviour and emotion. Typical symptoms include loss of memory and difficulties to perform previously routine tasks. Patients also have problems with finding the right words or understand what people are saying and they often undergo personality and mood changes [3] . During the progression of AD, the death of nerve cells in the cerebral cortex leads to a shrinkage of the brain. In consequence, gaps develop in the temporal lobe and hippocampus, where new information is stored and retrieved. These lesions affect the ability to remember, think, speak and make decisions [3] .
Results

Inhibition of Acetylcholinesterase by Extracts from TCM Plants
In this study methanol, dichloromethane and aqueous crude extracts from 80 TCM plants were tested for their in vitro anti-acetylcholinesterase activity. Physostigmine and galantamine, both known acetylcholinesterase inhibitors [19] , were used as the positive controls. The extracts of Berberis bealei Carrière, Berberidaceae (formerly Mahonia bealei; Shi Da Gong Lao), Coptis chinensis Franch, Ranunculaceae (Huang Lian) and Phellodendron chinense Scheid., Rutaceae (Huang Bai) showed the highest inhibition of AChE activity. None of these extracts was cytotoxic in COS7 cells at their respective AChE inhibitory concentrations (Table 1) suggesting their potential therapeutic application. A high ratio between the IC 50 in COS7 cells and corresponding AChE inhibition denotes a beneficial therapeutic profile of the compound. IC 50 values for all other plant extracts are listed in Table 2 . Table 1 . AChE inhibitory (AChEi) activity and cytotoxicity in COS7 cells of the most active TCM plant extracts. All data are expressed as mean ± standard deviation; all experiments were carried out in triplicates and repeated independently. (AChE assay: n = 3; n = 9 for Coptis chinensis samples. Cytotoxicity: n = 3). 
Sample
Phytochemical Analysis of Most Active Extracts
Literature lists the alkaloids berberine, coptisine and palmatine as the main compounds of Berberis bealei [20] [21] [22] [23] [24] , Coptis chinensis [25] [26] [27] and Phellodendron chinense [28] . Therefore HPLC and LC-MS was used to confirm the presence of these alkaloids. Figure 1 illustrates the HPLC profile of the methanol extract of Coptis chinensis and lists the alkaloids detected in the different crude extracts of the three most active species. Berberine and palmatine were found in all nine extracts; coptisine only in the crude extracts of Coptis chinensis. Total alkaloids were highest in the methanol extract of Coptis chinensis and lowest in the aqueous extract of Berberis bealei. Berberine is the main alkaloid of all extracts of Coptis chinensis and Phellodendron chinense. The main alkaloid of Berberis bealei is palmatine. Table 1 . AChE inhibitory (AChEi) activity and cytotoxicity in COS7 cells of the most active TCM plant extracts. All data are expressed as mean ± standard deviation; all experiments were carried out in triplicates and repeated independently. (AChE assay: n = 3; n = 9 for Coptis chinensis samples. Cytotoxicity: n = 3). 
Sample
Phytochemical Analysis of Most Active Extracts
Literature lists the alkaloids berberine, coptisine and palmatine as the main compounds of Berberis bealei [20] [21] [22] [23] [24] , Coptis chinensis [25] [26] [27] and Phellodendron chinense [28] . Therefore HPLC and LC-MS was used to confirm the presence of these alkaloids. Figure 1 illustrates the HPLC profile of the methanol extract of Coptis chinensis and lists the alkaloids detected in the different crude extracts of the three most active species. Berberine and palmatine were found in all nine extracts; coptisine only in the crude extracts of Coptis chinensis. Total alkaloids were highest in the methanol extract of Coptis chinensis and lowest in the aqueous extract of Berberis bealei. Berberine is the main alkaloid of all extracts of Coptis chinensis and Phellodendron chinense. The main alkaloid of Berberis bealei is palmatine. All data are expressed as mean ± standard deviation; all experiments were carried out in triplicates and repeated independently. (AChE assay: n = 3; n = 9 for Coptis chinensis samples. Cytotoxicity: n = 3). Samples were considered to be inactive (NA) in the AChE assay if they showed less than 80% inhibition of AChE activity at a concentration of 1250 µg/mL. For some plants not all extracts could be prepared, these samples are marked n/a (not analysed).
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Inhibition of Acetylcholinesterase by Pure Substances
Plants produce a high diversity of secondary metabolites representing a complex mixture of compounds belonging to several chemical classes. The mode of action of most plants cannot be attributed to one single chemical compound, but to the pleiotropic effects of the secondary metabolites contained in the plant [29] . To understand the potential mode of action of the aforementioned TCM plants, the isolated alkaloids berberine, coptisine and palmatine were tested for their individual inhibition of AChE (Table 1) . It is notable that none of the three alkaloids inhibits AChE as strong as the crude methanol extract of Coptis chinensis.
Inhibition of ACh is Based on Synergism
The finding that none of the tested alkaloids showed an equally strong AChE inhibitory effect as the crude methanol extract of Coptis chinensis led to the assumption that the mode of action of this crude extract could be based on synergism of individual alkaloids. Therefore, synergism studies were carried out: the AChE assay was conducted with a dilution series of one of the isolated alkaloids (1st alkaloid) in combination with a steady IC 30 concentration of the other alkaloids (2nd alkaloid). Data is shown in Table 3 . Comparing the FIC values obtained at constant concentrations of the 2nd alkaloid with varying concentrations of the 1st alkaloid showed decreasing FIC values by increasing the concentration of the 1st alkaloid. In some of the tested combinations an FIC value of ≤0.5 was observed, which signifies a synergistic effect.
Inhibition of Acetylcholinesterase by Pure Substances
Inhibition of ACh is Based on Synergism
The finding that none of the tested alkaloids showed an equally strong AChE inhibitory effect as the crude methanol extract of Coptis chinensis led to the assumption that the mode of action of this crude extract could be based on synergism of individual alkaloids. Therefore, synergism studies were carried out: the AChE assay was conducted with a dilution series of one of the isolated alkaloids (1st alkaloid) in combination with a steady IC30 concentration of the other alkaloids (2nd alkaloid). Data is shown in Table 3 . Comparing the FIC values obtained at constant concentrations of the 2nd alkaloid with varying concentrations of the 1st alkaloid showed decreasing FIC values by increasing the concentration of the 1st alkaloid. In some of the tested combinations an FIC value of ≤0.5 was observed, which signifies a synergistic effect. The most apparent synergistic effect was found in the experiments in which coptisine and palmatine were combined with berberine ( Figure 2 , Table 3 ). Here, synergy was detected up to IC 60 concentration of berberine combined with the IC 30 concentration of coptisine or palmatine. At higher concentrations of berberine, FIC values between 0.5 and 1.0 indicate an additive effect.
In the experiments where coptisine and palmatine were used as 1st alkaloids synergy was only observed at very low concentrations of the 1st alkaloid. Again, FIC values decreased with increasing concentrations of the 1st alkaloid. At high concentrations of the 1st alkaloid even antagonistic effects of the alkaloids analysed were noted.
Discussion
Nature offers a high diversity of chemical compounds that might be beneficial as potential treatments for human diseases. Therefore, this study aimed at elucidating the potential of 80 TCM plants as inhibitors of acetylcholinesterase, a known Alzheimer target. For that purpose, inhibition of acetylcholinesterase was observed in a high-throughput enzymatic assay. Furthermore, cytotoxicity in COS7 cells was assessed and potential synergistic effects of the chemical compounds contained in the TCM plant extracts were evaluated. In contrast to other research approaches where natural products are used as lead compounds and modified synthetically [30, 31] we concentrated on the question if a crude extract comprised of various constituents has benefits over the isolated single components of it.
A range of secondary plant metabolites has shown anti-cholinesterase activity including alkaloids, flavonoids and lignans with alkaloids being the largest group of ACh inhibitors [32, 33] . The strong inhibitory activity of alkaloids is associated with their similarity to ACh. Many alkaloids have a positively-charged nitrogen which can bind in the gorge of active site of actetylcholinesterase [34] .
Several plant drugs are used to treat deficits in memory and symptoms of AD, including Coptis chinensis [25, 35] , Magnolia officinalis [36] [37] [38] , Cinnamomum cassia [39] and most commonly, Ginkgo biloba. Ginkgo is the most popular plant for the treatment of memory-affiliated problems although no direct anti-acetylcholinesterase activity has been observed so far. In this study none of the crude plant extracts of Ginkgo biloba showed any substantial AChE inhibitory activity. The same accounts for Magnolia officinalis with only meagre AChE inhibitory activity.
The AChE inhibitory activity of the root of Coptis chinensis (Coptidis rhizoma) and its isolated alkaloids has been discussed earlier [25] but the mode of action has not been described so far. Here, a distinctive anti-AChE effect was observed in all three extracts. These effects might be credited to berberine, the main alkaloid of Coptis chinensis, as well as the other protoberberine alkaloid coptisine and the benzo[c]phenanthridine alkaloid palmatine (Figure 3 ). Both the methanol and the aqueous extracts show a stronger inhibition of AChE than galantamine. Remarkably, the methanol extract exhibits an AChE inhibition that is 100-fold stronger than the one observed for galantamine. Usually plants contain a complex profile of secondary metabolites therefore the effect of a plant extract usually cannot be accredited to one single compound. Also synergistic effects have to be taken into account [17, 18] . When comparing the IC 50 values of the crude plant extracts to the IC 50 values of the pure alkaloids berberine, coptisine and palmatine it strikes out that the methanol extract is much more active than any of the pure alkaloids tested. This suggests that not berberine alone causes the AChE inhibitory activity but rather the combination of alkaloids and other chemical compounds that apparently act synergistically. This study provides evidence that the AChE inhibitory effect of the alkaloids berberine, coptisine and palmatine is clearly synergistic (Table 3, Figure 1 ). The strongest synergism was observed for the combination of berberine and coptisine. Also the combination of berberine with coptisine and palmatine together produced strong synergistic effects.
LC-MS analysis indicated that in Coptis chinensis berberine is the main alkaloid followed by coptisine and palmatine. Therefore, it can be assumed that the strong AChE inhibition of this drug is based on synergistic action of these alkaloids. Furthermore, the methanol extract of Coptis chinensis has the highest concentration of alkaloids of all extracts tested, which might explain its extremely strong inhibition of AChE. Berberis bealei comprises of a variety of bioactive secondary metabolites such as protoberberine alkaloids like berberine, columbamine, jatrorrhizine and palmatine [20] [21] [22] [23] [24] . All three crude extracts showed an apparent inhibition of AChE. The dichloromethane extract contains the largest amount of alkaloids of the extracts of Berberis bealei and also shows the strongest AChE inhibitory activity. The very low IC50 of the dichloromethane extract points to the fact that the combination of palmatine and berberine enhances the AChE inhibition. Here, this synergistic effect of this combination is clearly proven but the presence of other compounds like flavonoids or saponins has to be taken into account as well.
The main constituents of Phellodendron chinense are isoquinoline alkaloids such as berberine, palmatine, jatrorrhizine and sesquiterpene lactones [28] . So far it can be stated that the active component is largely the alkaloid berberine [40] . All three extracts inhibited AChE substantially. Again, AChE inhibitory activity of these three extracts can be accredited to synergy. In all extracts berberine is the main alkaloid and the synergism experiments hint to the fact that the combination with palmatine increases the AChE inhibitory activity. Compared to Coptis chinensis, the AChE inhibitory activity of Phellodendron chinense is significantly lower which might be credited to the absence of coptisine in this extract.
Of the TCM plants analysed in this study, Coptis chinensis, Berberis bealei and Phellodendron chinense seem to be the most promising candidates for an apparent inhibition of AChE activity as all three crude plant extracts show a distinctive inhibitory effect. Most striking of all results is the finding that the methanol extract of Coptis chinensis exhibits a 100-fold stronger AChE inhibitory activity than the already known and widely sold AChE inhibitor galantamine, which might be due to the synergistic interaction of the individual alkaloids in this extract.
So far, no data is available about the physiological absorption rate of alkaloids contained in these extracts and it remains unclear if they can pass the blood-brain border. In vivo tests should be carried out to confirm these promising in vitro results in a mouse or rat model of Alzheimer's Disease.
These findings suggest that TCM plants represent an important source of natural compounds that affect the activity of AChE. Apart from isolating pure compounds as lead structures for novel drugs it might also be possible to administer TCM plant extracts as nutriceuticals. Furthermore, these extracts could be used as cheap alternative to other drugs in third world countries for the treatment of Alzheimer's Disease. Berberis bealei comprises of a variety of bioactive secondary metabolites such as protoberberine alkaloids like berberine, columbamine, jatrorrhizine and palmatine [20] [21] [22] [23] [24] . All three crude extracts showed an apparent inhibition of AChE. The dichloromethane extract contains the largest amount of alkaloids of the extracts of Berberis bealei and also shows the strongest AChE inhibitory activity. The very low IC 50 of the dichloromethane extract points to the fact that the combination of palmatine and berberine enhances the AChE inhibition. Here, this synergistic effect of this combination is clearly proven but the presence of other compounds like flavonoids or saponins has to be taken into account as well.
These findings suggest that TCM plants represent an important source of natural compounds that affect the activity of AChE. Apart from isolating pure compounds as lead structures for novel drugs it might also be possible to administer TCM plant extracts as nutriceuticals. Furthermore, these extracts could be used as cheap alternative to other drugs in third world countries for the treatment of Alzheimer's Disease.
Materials and Methods
TCM Plants
All TCM plants were kindly provided by Prof. Thomas Efferth, Johannes Gutenberg University Mainz, Germany and were obtained commercially in China. Identity of the TCM plants was authenticated via DNA barcoding. All samples have accession numbers and voucher specimens were deposited at the IPMB, Department of Biology, Heidelberg University, Germany.
Chemicals
DMEM (Dulbecco's Modified Eagle's Medium) media, supplements, fetal bovine serum (FBS), trypsin-EDTA and dimethyl sulphoxide (DMSO) were purchased from Gibco Invitrogen (Karlsruhe, Germany). Berberine, coptisine, galantamine, physostigmine and palmatine were obtained from Fluka/Sigma-Aldrich (Steinheim, Germany).
DNA Barcoding
TCM plants were chosen according to their traditional use. TCM plant samples were obtained commercially. In order to authenticate the plant species, DNA barcoding was carried out to identify the respective species. The plant DNA was isolated from tissue using phenol chloroform extraction protocol [41] . A 700 bp fragment of the chloroplast marker gene rbcL was amplified using PCR.
The PCR products were sequenced and the identity of the plant species was confirmed on either the genus or the species level by comparing the respective sequence with database (NCBI) entries of authentic species.
Clustal W was used to align the sequences [42] ; the genetic distances were calculated using MEGA 4.0 following the Kimura 2-Parameter (K2P) model [43] . BLAST database search was performed as described previously [44] ; neighbour-joining was used for the phylogenetic tree construction [45] .
Preparation of TCM Extracts
50 g finely milled TCM drugs were boiled in reflux in 500 mL of the solvent of choice (methanol, dichloromethane or water) for 6 h. The extract was then filtered through a grade 603 filter. After this, the filtrate was evaporated in a Rotavapor R-200 (Büchi, Flawil, Switzerland). The residual material was resolved in DMSO to a concentration of 50 mg/mL and stored at −20 • C until use.
Cytotoxicity / MTT Assay
COS7 (African green monkey epithelial kidney cells) cells were maintained in DMEM complete media (L-glutamine supplemented with 10% heat-inactivated fetal bovine serum, 5% penicillin/streptomycin). Cells were grown at 37 • C in a humidified atmosphere of 5% CO 2 . All experiments were performed with cells in the logarithmic growth phase. Cytotoxicity of TCM extracts in COS7 cells was determined using different concentrations of extracts. MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] was used in a colorimetric assay to determine cell viability and assess cytotoxicity [46] . All experiments were carried out in triplicates and repeated three times. The viability of the cells was determined and data are presented as the percentage of viable cells compared to the control (cells in serum-free medium) in relation to the concentration of the extract.
AChE Assay
An adapted version of the Ellmann assay [47] in 96-well plates was used to measure AChE activity. A mastermix consisting of 25 µL acetylthiocholine iodide (ACTI, 15 mM in phosphate buffer pH 7), 125 µL dithionitrobenzoic acid (DTNB, 3 mM in phosphate buffer pH 8) and 50 µL phosphate buffer (50 mM, pH 8) was prepared and added to 5 µL of TCM crude plant extract (stock 50 mg/mL) or 5 µL essential oil per well. It turned out to be crucial to prepare all reaction solutions freshly for every set of experiments. Two known AChE inhibitors, physostigmine and galantamine (50 mg/mL in phosphate buffer pH 8), served as positive controls. As all crude extracts (water, methanol, dichloromethane) were evaporated and then resolved in DMSO beforehand, DMSO was used as negative control in all experiments.
After shaking for 20 s, measurements at time t = 0, 3, 6, and 9 min were recorded at 450 nm using the EL808 plate reader (BioTek, Winooski, VT 05404, United States) to avoid interference of results due to spontaneous activity. After 9 min reading, 25 µL of acetylcholinesterase (AChE from electric eel, 3 U/mL in phosphate buffer pH 8) were added to each well and the plate was left to incubate at room temperature for 3 min. After shaking for 20 s a final reading was recorded at 450 nm. The inhibitory activity was calculated in comparison to the negative control. Potential effects were expressed as the percentage of inhibition. The experiments were carried out three times and all samples were measured three times. For the most active Coptis chinensis samples the experiment was carried out nine times to corroborate that the findings were correct.
Phytochemical Analysis
The most active extracts were analysed phytochemically by high performance liquid chromatography (HPLC) and mass spectrometry (MS).
HPLC: A Merck Hitachi HPLC system (Merck, Darmstadt, Germany) composed of a binary L-6200A intelligent pump and an ERC-3215α degasser was used. The extracts, with a final concentration of 500 µg/mL in methanol, were injected in the HPLC system via a Rheodyne system with a 20 µL loop. Separation was achieved using a RP-C18e Lichrospher 100 (250 mm length, 4 mm diameter column, 5 µm particle size) (Merck, Darmstadt, Germany). The mobile phase consisted of: A: Water HPLC grade with 0.5% formic acid and ammonium acetate pH = 7; B: acetonitrile. The gradient program at a flow rate of 1 mL/min as following: 0% to 40% B in 15 min, then to 100% B in 10 min, then in 5 min. back to the initial condition. A mechanical split with 10% to the MS machine and 90% as waste was used after the separation column.
MS: A Quattro II system (Waters, Eschborn, Germany) from VG with an ESI interface was used in the positive ion mode under the following conditions: Drying and nebulizing gas: N 2 , capillary temperature: 120 • C; capillary voltage: 3.50 kV; lens voltage: 0.5 kV; cone voltage: 30 V. Scan mode at range m/z 300-600. Chromatograms were processed using Waters MassLynx software (Version 4.0, Waters, Eschborn, Germany).
Evaluation of Synergistic Effects
After screening the TCM crude extracts and their chemical compounds it became clear that the distinctive inhibitory effect of some of the crude extracts must be based on synergism of individual isoquinoline alkaloids in the extracts. Therefore, synergism studies were carried out with isoquinoline alkaloids berberine, coptisine and palmatine. First the IC 30 values for all samples were calculated. For "compound A" a serial dilution was prepared and seeded to the 96-well plate. "Compound B" was added to each well at a fixed concentration that corresponded to its IC 30 value. After this the AChE inhibition assay was carried out as described before. All possible combinations of diluted "compound A" and fixed "compound B" were analysed.
Drug interaction was classified as either synergistic, additive indifferent or antagonistic based on the fractional inhibitory concentration (FIC) index. The fractional effect (FE) of two compounds is calculated from the effect caused by two compounds in combination in relation to the effect of one compound alone: FEa = IC 50 (a + b)/IC 50 (a); FEb = IC 50 (a + b)/IC 50 (b). By plotting these values against each other the isobologram showing the areas of synergy is obtained.
The FIC index is the sum of both FE indexes. According to Berenbaum [48] , FIC ≤ 1.0 signifies synergy, FIC = 1.0 an additive effect and FIC ≥ 1.0 antagonism. Schelz [49] regards FIC ≤ 0.5 as synergy, FIC > 0.5 to 1.0 as additive, FIC = 1.0 to 4.0 as indifferent and FIC ≥ 4.0 as antagonism. We were following the second perspective.
Statistical Analysis
All experiments were carried out in triplicates and repeated at three individual days. All data are expressed as mean ± standard deviation (n = 3). The IC 50 values were calculated using a four-parameter logistic curve (SigmaPlot ® 11.0) representing 50% reduction of activity. Statistical analysis of the effects of increasing concentrations of samples on the viability of COS7 cells and activity of AChE was performed using Student's t-test in SigmaPlot ® 11.0 (Systat, Erkrath, Germany) to determine significance of the difference between two data sets. The significance level of p < 0.05 denotes significance for all cytotoxicity and AChE experiments.
Conclusions
Various plant-derived compounds are already used for the treatments of Alzheimer's Disease indicating that nature is a valuable source of new bioactive agents. We tested various plants from Traditional Chinese Medicine for their potential inhibition of AChE activity. Based on our results it can be stated that some TCM plants inhibit AChE via synergistic interaction of their secondary metabolites. The possibility to isolate pure lead compounds from the crude extracts or to administer these as nutraceuticals or as cheap alternative to drugs in third world countries make TCM plants a versatile source of natural inhibitors of AChE.
